Abstract-Variability and difficulty in achieving good ohmic contacts are major bottlenecks toward the realization of highperformance molybdenum disulphide (MoS 2 )-based devices. The role of surface state engineering through a simple sulfurbased technique is explored to enable reliable and superior contacts with high work function (WF) metals. Sulfur-treated multilayered MoS 2 FETs exhibit significant improvements in ohmic nature, nearly complete alleviation in contact variability, ∼2× gain in extracted field-effect mobility, >6× and >10× drop in contact resistance, and high drain currents with Ni and Pd contacts, respectively. Raman and X-ray photoelectron spectroscopy measurements confirm lack of additional channel doping and structural changes, after sulfur treatment. From temperature-dependent measurements, the reduction of Schottky barrier height at Ni/MoS 2 and Pd/MoS 2 is estimated to be 81 and 135 meV, respectively, indicating the alteration of surface states at the metal/MoS 2 interface with sulfur treatment. The key interface parameters, such as Fermi pinning factor, charge neutrality level, and the density of surface states, are estimated using the classical metal/semiconductor junction theory. This first report of surface state engineering in MoS 2 demonstrates the ability to create excellent contacts using high WF metals, without additional channel doping, and sheds light on a relatively unexplored area of metal/transition metal dichalcogenides interfaces.
I. INTRODUCTION
T HE advent of 2-D materials has opened alternate opportunities for transistor scaling, since traditional silicon technology has possibly hit technological and economic saturation beyond the sub-20-nm node [1] - [3] . Transition metal dichalcogenides (TMDs), unlike graphene, possess an The authors are with the Centre for Nano Science and Engineering, Indian Institute of Science, Bengaluru 560012, India (e-mail: shubho@cense.iisc.ernet.in; klganapathi@gmail.com; digbijoy@cense.iisc. ernet.in; navakant@ece.iisc.ernet.in).
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intrinsic bandgap and hold a promise for excellent electrostatic control in mitigating short channel effects [4] , [5] .
In particular, molybdenum disulphide (MoS 2 ), with a bandgap of 1.2 eV in bulk, which is comparable with that of silicon, has gained prominence. FETs with MoS 2 channel material demonstrate high ON to OFF current ratio and high mobility [6] - [8] .
However, several key issues need to be addressed before the realization of TMDs-based FETs in viable technology.
In this paper, we focus on engineering metal/MoS 2 interface to control variability and eliminate the Schottky nature of contacts. Although preliminary reports suggested that the metal/MoS 2 interface forms ohmic contacts with high work function (WF) metals [6] , [9] , [10] , careful analysis confirmed the presence of a conspicuous Schottky barrier [11] , [13] . Hence, the MoS 2 FET is essentially a Schottky barrier transistor, and the intrinsic channel properties are heavily masked by contacts, thus rendering the scaling of the transistor quite inefficient [16] . Several interesting strategies have been formulated to circumvent this problem and can be categorized under: 1) contact metal engineering and 2) doping of the channel to reduce the tunneling distance of carriers injected from metal to the channel. Under the first banner, several groups have tried a variety of contact metals, including Sc [11] , In [17] , Al [17] , [18] , Ti [11] , [13] , [17] , Cr [7] , Mo [19] , Ni [11] , [20] , [21] , Au [6] , [12] , [18] , Pd [22] , and Pt [11] , [18] , with low WF metals forming relatively smaller Schottky barriers and enabling lower contact resistance. However, since the Fermi level tends to get pinned just below the conduction band minimum [23] , [24] at the interface, relying only on metal selection may not be a very effective approach. Besides, the use of very low WF metals, such as Sc, is not compatible with the existing CMOS technology. In the second strategy, doping of MoS 2 has been used to reduce the depletion width and aid tunneling current. Several demonstrations include the use of potassium as adatom [25] , polyethyleneimene molecular doping [26] , plasma-assisted doping to form p-n junctions [27] , and 12 h of dichloroethane dip, which shows record current for nickelcontacted devices [20] . Apart from the degradation of doping with time, a key issue in most of these techniques is the lack of control, resulting in doping throughout the channel, instead of just below the contacts. A unique approach toward contact engineering was demonstrated by the phase transformation of 1-H to 2-T metallic phase with 1-h butyl lithium dip, yielding one of the lowest contact resistance values reported in the literature [12] . Another major concern, although, not widely reported and discussed is that the performance of MoS 2 FETs suffers from severe contact variability across the same wafer, showing a large spectrum of contact nature from apparently ohmic to completely Schottky [28] , [29] . This effect is typically pronounced in low WF metal contacts, such as (Ti/Sc/Cr), which are used to achieve smaller Schottky barrier heights (SBHs) and reduced contact resistance. The gettering nature and reactivity with the substrate of low WF metals, even at low deposition pressures, could be the primary cause for the same. Such large variability in contacts would result in low yield of devices, which is unacceptable to technological and industrial demands. A recent report points at the role of surface defects and stoichiometric variations in accounting for the device performance variability [24] .
In this paper, we address a rather unexplored front in mitigating the issue of contacts to MoS 2 , the possibility of surface preparation/treatment as a strategy to achieve predictable and superior performance contacts with high WF metals. Surface preparation has a long history in semiconductors and is reviewed in [30] . We choose sulfur treatment owing to two primary considerations: first, the compatibility of sulfur with the chemistry of MoS 2 , and second, a historically large success rate in creating better contacts through sulfur passivation in several semiconductors, such as germanium [31] - [33] , silicon [34] , [35] , and other compound semiconductors [36] . In order to preserve the metal-semiconductor interface, we select two high WF metals nickel (5 eV) and palladium (5.6 eV), [24] which do not react with MoS 2 and are not prone to oxidation during deposition. We demonstrate that through an easy and inexpensive technique, it is possible to alter and possibly uniformize the surface states at the metal/MoS 2 contacts.
II. SULFUR TREATMENT AND DEVICE FABRICATION
Back-gated FETs were fabricated by the mechanical exfoliation of flakes from MoS 2 bulk crystal via the scotch tape method on 300-nm SiO 2 /p++ Si substrate (both acquired from Graphene Supermarket supplies). The SiO 2 /Si wafer was subjected to piranha clean and standard acetone-Isopropyl alcohol (IPA) rinse prior to exfoliation. Next, the samples were segregated into two parts: the reference and sulfur-treated (ST). For the samples marked as ST, the entire flakes were subjected to ammonium sulphide solution (NH 4 ) 2 S (Sigma Aldrich Supplies, 40% solution in H 2 O) treatment for 5 min at a temperature of 50°C, followed by De-ionised water rinse and N 2 blow-dry. The time and temperature parameters were optimized to ensure that no sulfur precipitation was observed. Acetone and IPA rinse were performed on both sets of samples to remove any residual and nonbonded chemical species from the surface and also to remove the traces of organic resist. Thickness layers of 5-7 nm were identified first using optical microscope and consequently confirmed by atomic force microscopy (Bruker 500). Electron beam lithography (Raith eLINE/Pioneer) was used to define the patterns of fixed contact width and the channel length of 1 μm each. Two sets of high WF metals nickel (Ni) and palladium (Pd), 60 nm each, were deposited, which serve as contacts for both reference and ST samples using Techport e-beam evaporator at the pressure of 2 × 10 −6 mbar and the deposition rate of 2 Å/s. Aluminum (150 nm) was deposited as the back metal contact. All samples were annealed in vacuum (2 × 10 −6 mbar), inert argon ambient (1 × 10 −3 mbar) at 400°C for 1 h. All electrical device parameters with the exception of temperature-dependent studies are performed in ambient conditions with the Agilent B1500 Semiconductor Device Analyser. Temperature-dependent measurements (100-400 K) were performed with the LakeShore Probe station.
III. RESULTS AND DISCUSSION
The primary observation in the output characteristics [I ds -V ds (0-5 V) with V gs sweep] was unambiguous: huge variability in the nature of contacts in the case of reference devices, results varying from apparently ohmic to purely Schottky with different degrees of saturation [ Fig. 1(a) ]. In contrast, the ST devices demonstrated consistent ohmic behavior with complete saturation [ Fig. 1(b) ]. However, this contrast was clearly more prominent in palladium devices because of a larger WF and SBH, which is later quantitatively explained.
To quantify the mitigation in the variability and the change of nature of contacts between the reference and the ST samples, a new contact metric (CM) is defined CM = R Total (V ds ∼ 0)/R Total (minimum), where R Total is the small signal output resistance of the transistor, extracted from the derivative of I ds -V ds . The goal of the CM is to compare in a simple and intuitive fashion the Schottky nature of contacts between the reference and ST devices. The appropriate region for the extraction of R Total is in the ON condition, i.e., above the threshold voltage, where the linearity (ohmic nature) of the output characteristics is essential. However, for large overdrive voltages, even contacts with large barrier heights may give an impression of linearity due to excessive barrier width thinning, which can be misleading. Hence, the extraction of R Total is performed for a small overdrive voltage (V ov = V gs -V th ). As evident in Fig. 1(c) , for purely ohmic contacts, the value for the CM is equal to 1. This is because the transistor is deeply in linear region for V ds ≈ 0, and then moves away from a linear to saturation region with increasing V ds , thus resulting in higher output resistance at larger V ds values. On the other hand, for Schottky contacts, the highest output resistance occurs for V ds ≈ 0, and then, it decreases for larger V ds , due to increasing electric field across the barrier. Hence, the CM value is substantially >1. The CM was employed for 12 palladium-contacted reference and ST devices each, and the results are shown in Fig. 1(d) , measured for an equivalent small overdrive voltage of V ov = 10 V. The mean value (20.71 for reference and 1.43 for ST) is the indicative of the deviation from purely ohmic behavior (=1), and the standard deviation reflects the variability in different devices for the same wafer (24.49 for reference versus 0.45 for ST). These numbers elucidate the large variability in the nature of contacts within the same wafer for MoS 2 FETs and its consequent suppression with sulfur treatment.
The improvement in contacts was also reflected on the fieldeffect (FE) mobility values (uncorrected for contact resistance, unlike in [20] ), which demonstrated a ∼2× improvement for both nickel-and palladium-contacted devices [ Fig. 2(a) ] after ST. It is to be noted that the standard deviation in the mobility values does not attribute to the variability in contacts but flake to flake variation of MoS 2 layers in different devices, which equally affect both the reference and the ST data [38] . For 1-μm channel length FET, we obtain a saturation drain current value of 107 (167) μA/μm in ambient (vacuum), for a gate overdrive of 0.5 V/nm [(V gs -V th )/t ox ], which is on par with the best drain current value reported for chlorine-doped MoS 2 FETs [20] , at twice the gate drive (1 V/nm). These observations bring to the fore the criticality of contacts in harnessing the intrinsic properties of MoS 2 -based transistors.
To gain further insight into the improved transistor characteristics with ST, the contact resistance (R contact ) is extracted from two probe measurements using the Y-function method. The efficacy of the Y-function method in estimating R contact for multilayer MoS 2 FETs has been demonstrated [40] , [41] by comparing the results with the conventional four-probe and Transfer Length Mesurement measurements. Sulfur treatment could significantly lower the R contact for Ni contacts by ∼6× (from 24.68 to 4.65 k -μm) and Pd contacts by ∼10× (from 64.9 to 6.64 k -μm) [ Fig. 2(b) ]. The values of R contact for ST devices are comparable with the lowest reported values of ∼2 and 3 k -μm with low WF metals, such as Mo and Ti [19] , where the channel below the contacts is unmodified. Furthermore, device-to-device variability in R contact was substantially lower for ST devices compared with reference devices. With the Y-function method, it is also possible to calculate the intrinsic mobility or the true mobility of the channel not suppressed by contact resistance. The value of intrinsic mobility for both the ST and reference devices lies in the range of 49-55 cm 2 V −1 s −1 . This is in stark contrast to the extracted FE mobility values, which (includes the effect of contact resistance losses) show a ∼2× improvement in the case of ST devices, demonstrating the large influence of contacts on transistor performance. Furthermore, it illustrates that the sulfur treatment does not cause any degradation in intrinsic channel mobility.
IV. MECHANISM OF IMPROVED CONTACTS
To understand the drastic improvements in the contact performance of the ST samples, we look at two primary aspects in the metal/MoS 2 interface: 1) reduction in Schottky barrier width and hence, tunneling distance as a result of doping and/or 2) reduction in SBH due to change in the density of surface states.
To ascertain if the ST results in only surface-level basal plane modifications or deep bulk level changes through doping, two strategies are adopted. First, angle-resolved X-ray photoelectron spectroscopy (XPS) measurements are performed on both the reference and the ST samples at 0°, 30°, and 60°before metallization. Several reports have suggested a 0.6-1.2-eV shift in binding energy, for both Mo and S peaks, positive shift for n-type doping and negative shift for p-type doping [20] , [25] , [27] . The results for all angles show no alteration in binding energy or nature of Mo 3d/5d and S2p peaks, providing unambiguous evidence that MoS 2 does not undergo bulk level changes in electronic configuration after ST [ Fig. 3(a) ]. Furthermore, micro-Raman [ Fig. 3(b) ] and Photoluminescence performed on the same flakes, before and after ST, demonstrated the absence of chemical/structural change post-ST. These results could be energetically reconciled, considering that the relatively low temperature (50°C) and time (5 min) of sulfur treatment energetically favor diffusion of sulfur vacancies [37] on the top basal plane rather than the diffusion of S atoms through the van der Waals layers and/or alterations to a stable MoS 2 bond ( G 0 = −225.9 kJ/mol). It has to be categorically stated that these techniques can provide insight regarding changes to MoS 2 bulk film only and not the top basal plane.
The Schottky nature of the metal/MoS 2 contacts has been widely reported in the literature [11] , [14] , [41] . Fig. 4 (a) shows the change in current conduction from thermionic emission to tunneling with an increase in gate voltage as measured in the temperature-dependent transfer characteristics [15] .
The conventional thermionic emission model (
) was used for the extraction of barrier height for different gate voltages [11] , [14] , where A is Richardson's constant, T is the temperature in Kelvin, Ø B is the SBH, k B is Boltzmann's constant, and V ds is the source to drain voltage fixed at 100 mV. For gate voltages deep in the subthreshold region, the drain current is dominated by thermionic component, which results in a linear dependence of Ø B with V gs . At the onset of flat-band condition, the tunneling current contribution begins to play a significant role, and nonlinearity is observed in Ø B versus V gs plot [ Fig. 4(b) ]. The barrier height extracted at this flat band condition is termed the true SBH [11] . The true SBH is measured for nickel-and palladium-contacted devices, as shown in Fig. 4(c) , for the reference and ST devices. as also demonstrated in [11] with different metals. The temperature-dependent mobility measurements present the further benefits of contact improvements. The experimentally extracted values with and without ST are compared against a model, considering two dominant scattering mechanisms: remote impurity scattering and optical phonon scattering [ Fig. 4(d) ], replicating the models used in [13] . Substantially reduced R contact losses in the ST devices are evident by a lower suppression of channel mobility and the extracted mobility approaching the theoretical model. Furthermore, the ST devices exhibit lower mobility degradation versus temperature (∝T −1.01 ) compared with the reference devices (∝T −1.21 ) extracted for T ≥ 250 K.
V. ESTIMATION OF SURFACE PARAMETERS WITH
AND WITHOUT SULFUR TREATMENT The fundamental charge neutrality equation was used to determine the change in the surface states before and after S-treatment [42] 
where, the known parameters in (1) are, q is the elementary charge, Ø Bn is the extracted SBH, Ø m is the WF of the contact metal, and χ and E g are the electron affinity and bandgap of MoS 2 taken to be 4.1 and 1.2 eV, respectively. The two unknown parameters, the pinning factor, S, which can take values from 0 (complete pinning) to 1 (no pinning) and the charge neutrality level above the valence band, Ø 0 , are calculated by simultaneously solving (1) before and after ST, for nickel and palladium devices with WF of 5 and 5.6 eV, respectively. The pinning factor is used to determine the density of surface states (D it ) by using (2), assuming the interface permittivity (ε i ) to be equal to vacuum and the interfacial layer width (δ) to be in the order of 0.4-0.5 nm. The results are summarized in Table I . Several key aspects of metal/MoS 2 contacts could be encapsulated through these results (Fig. 5) . First, we confirm and quantify strong Fermi level pinning in MoS 2 contacts, with a pinning factor (S) of 0.122, nearly identical to the value (0.1) measured in [11] with four metals. Furthermore, if we try to evaluate the expected SBH of Ti contacts using the Fermipinning equation (1) 
3 eVØ Bn (Ni) = 260 meV, we get Ø Bn (Ni) = 174.6 meV, which is nearly equal to Ø Bn of Ni (ST). This provides clear indication that the ST is an effective method to mimic contacts with low WF metals and still achieve very low contact variability. Second, the proximity of the charge neutrality level (Ø 0 ) to the conduction band minimum matches the theoretical predictions [23] , [24] . Third, while in the traditional semiconductors, ST is known to passivate the surface reducing surface states and depinning the Fermi level, and metal/MoS 2 contacts demonstrate the contrary.
A plausible model to explain these results could be the presence of spatially nonuniform suboxides of molybdenum (MoO x ) on the basal plane. The oxides when sulfurised or etched away by the proposed treatment uniformly produce pristine MoS 2 surface on which contacts are formed. It is well known that the suboxides in the traditional semiconductors aid in depinning the Fermi level. Hence, the removal of these suboxides leads to strongly and reliably pinned n-type contacts entirely governed by the surface states. However, this model remains to be accurately tested with the help of advanced atomic level imaging techniques, such as scanning tunneling microscopy/spectroscopy.
VI. CONCLUSION
In summary, a novel method of surface engineering, in the context of MoS 2 back-gated FETs, is demonstrated through ammonium sulphide treatment in a bid to systematically improve contact performance and reliability with high WF metals (Table II) . The ST devices show consistent ohmic characteristics with good saturation against a range of Schottky to ohmic behavior with poor saturation in the case of the reference samples. Controlling contact variability is essential for improving device yield for the CMOS technology. For the four sets of devices, Ni (ST), Pd (ST), Ni (ref), and Pd (ref), while extracted FE mobility values demonstrate inverse correlation with measured barrier height, the contact resistance demonstrates direct correlation, signifying the importance of contacts in device performance. It is established through material characterization techniques that improvement could not be attributed to bulk doping effects. The temperaturedependent transfer characteristic measurements provided the clear evidence of reduction in SBH and enhanced charge injection into the channel with ST. Key interface parameters with and without ST are determined using classical M/S theory elucidating that contrary to traditional semiconductors, following ST, metal/MoS 2 contacts are entirely governed by the surface states. By uniformly controlling these surface states, it is possible to engineer high-performance reliable ohmic contacts relatively insensitive to differences in metal WFs. This is evident for two metals Ni and Pd, where the difference in barrier heights reduces from 71 to 17 meV and the contact resistance difference drops from 40 to 2 k -μm after ST. This paper also reveals that it would be difficult to harness the true potential of transistors on TMD materials, without paying close attention to metal/TMD interfaces.
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